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Abstract The processing of GPS radio occultation mea-

surements for use in numerical weather predictions

requires a precise orbit determination (POD) of the host

satellite in near-real-time. Making use of data from the

GRAS instrument on Metop-A, the performance of dif-

ferent GPS ephemeris products and processing concepts for

near-real-time and real-time POD is compared. While

previous analyses have focused on the achievable along-

track velocity accuracy, this study contributes a systematic

comparison of the resulting estimated bending angles. This

enables a more rigorous trade-off of different orbit deter-

mination methodologies in relation to the end-user needs

for atmospheric science products. It is demonstrated that

near-real-time GPS orbit and clock products have reached a

sufficient quality to determine the Metop-A along-track

velocity with an accuracy of better than 0.05 mm/s that

was formerly only accessible in post-processing. The

resulting bending angles are shown to exhibit standard

deviation and bias differences of less than 0.3 % compared

with post-processed products up to altitudes of at least

40 km, which is notably better than 1 % accuracy typically

assumed for numerical weather predictions in this height

regime. Complementary to the analysis of ground-based

processing schemes, the potential of autonomous on-board

orbit determination is investigated for the first time. Using

actual GRAS flight data, it is shown that a 0.5 m 3D rms

position accuracy and a 0.2 mm/s along-track velocity

accuracy can in fact be obtained in real-time with the

currently available GPS broadcast ephemeris quality.

Bending angles derived from the simulated real-time pro-

cessing exhibit a minor performance degradation above

tangent point heights of 40 km but negligible differences

with respect to ground-based products below this altitude.

Onboard orbit determination and, if desired, bending angle

computation, can thus enable a further simplification of the

ground segment in future radio occultation missions and

contribute to reduced product latencies for radio occulta-

tion data assimilation in numerical weather predictions.
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Introduction

Starting with the GPS/MET experiment on MicroLab-1

(Kursinski et al. 1997), atmospheric sounding using

opportunity signals from the GPS satellites has evolved

into a key application of scientific GPS receivers in space

(Yunck 2003). When passing the lower atmosphere, GPS

signals experience a deflection that depends on the

refractivity along the ray path and results in a modified

Doppler shift of the received signal (Fig. 1). Atmospheric

conditions can thus be retrieved by comparing the mea-

sured GPS signals with those expected for direct signal

propagation without an atmosphere. Missions such as

GRACE, Metop, COSMIC and TerraSAR-X/TanDEM-X

presently collect GPS radio occultation measurements on a

routine basis and contribute their data for meteorological

and climate research. While radio occultation measure-

ments constitute only a small fraction of the overall

meteorological data presently assimilated by the European
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Centre for Medium Range Weather Forecasts (ECMWF),

they are essentially bias free and complementary to other

data types. As such, radio occultation measurements from

satellites in low earth orbit (LEO) are among the most

significant contributors to the reduction in forecast errors in

numerical weather prediction models (Anthes 2011).

As a key requirement for the analysis of radio occultation

measurements, the orbit of the host satellite must be known

with subdecimeter accuracy to properly isolate the atmo-

spheric contribution to the observed signal phase and fre-

quency. In addition, the orbit determination must be

completed in near-real-time to support a timely delivery of

radio occultation data products used in meteorological

applications. To meet both timeliness and accuracy

requirements for GPS-based precise orbit determination

(POD), dedicated systems for near-real-time provision of

accurate GPS orbit and clock information such as the Global

Differential GPS System (GDGPS, Bar-Sever et al. 2003),

the GRAS Support Network (GSN, Zandbergen et al. 2006),

and the Real-Time Clock Estimation system (RETICLE,

Hauschild and Montenbruck 2008) have been established.

In a continued effort to advance its ground system for

radio occultation data processing and to provide design

recommendations for future radio occultation missions,

GPS-based near-real-time POD concepts have been

assessed in a dedicated study of the European Organisa-

tion for the Exploitation of Meteorological Satellites

(EUMETSAT) and the German Aerospace Center (DLR).

The performance of different POD processing schemes as

well as auxiliary GPS orbit and clock products has been

compared in terms of both orbit quality and radio

occultation data product quality. It is demonstrated that

existing POD requirements are readily met with state-of-

the-art POD techniques and near-real-time GPS data

products but probably more stringent than actually

required for near-real-time radio occultation product

generation. This opens new prospects for real-time POD

onboard the host satellite with benefits for more rapid

radio occultation processing and a simplified ground

system architecture.

The analysis presented hereafter is based on routine flight

data collected by the GRAS receiver onboard Metop-A, but

employs a different processing system than the established

operational ground segment. In favor of an open architecture

making best use of standard formats and interfaces, an

independent processing chain has been built up for the per-

formance assessment that can be executed in parallel to the

operational GRAS data processing (Fig. 2). This facilitates

the use of alternative auxiliary products, enables a flexible

exchange of individual software modules, and supports the

trade-off of alternative processing concepts.

Following an overview of the mission and instrument,

the employed data sets (including GPS measurements for

POD and radio occultation as well as auxiliary GPS orbit

and clock data) are discussed. The subsequent sections are

dedicated to a description of the employed POD tools and

strategies as well as the radio occultation data processing.

Thereafter, the achieved results are discussed and final

conclusions are presented.

The Metop mission and GRAS instrument

As a European contribution to a joint system of polar satel-

lites with the United States, EUMETSAT operates the series

of Metop satellites (Klaes et al. 2007) in LEO. Metop-A is in

orbit since 2006, Metop-B will be launched in mid-2012 and

there will be at least half a year of joint operation in 2012

(von Engeln et al. 2011). The Metop satellites orbit the earth

in a sun-synchronous ‘‘morning orbit’’ with an altitude of

820 km and a local time of the ascending node of 9:30 h that

complements the 14:30 h ‘‘afternoon orbit’’ adopted for the

polar satellites of the National Oceanic and Atmospheric

Administration (NOAA).

One of the key instruments of the Metop satellites is the

Global Navigation Satellite System Receiver for

Fig. 1 Geometry of GPS radio

occultation measurements. The

bending angle (a) and

associated atmospheric

conditions can be inferred by

comparing the difference of the

GPS and LEO satellite

velocities (vGPS, vLEO) as

projected on the actual signal

path (eGPS and eLEO; red) with

the corresponding value for the

straight line signal path (e;

blue). The tangent point marks

the minimum altitude (h) of the

signal path with respect to the

surface of the Earth
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Atmospheric Sounding (GRAS; Silvestrin et al. 2000, Lois-

elet et al. 2000). GRAS radio occultation measurements of

GPS satellites close to the earth limb are employed for

numerical weather prediction as well as climate monitoring.

Dual-frequency GPS measurements of higher elevation sat-

ellites can, furthermore, be employed for ionospheric analysis

and space weather monitoring (Luntama et al. 2008; Anthes

2011). On average, a total of 650 globally distributed occul-

tations from rising and setting GPS satellites are observed by

the GRAS instrument on each day (von Engeln et al. 2011),

which compares favorably with an average of 1,500–2,000

daily occultations recorded by the 6-satellites Constellation

Observing System for Meteorology, Ionosphere and Climate

(COSMIC; Anthes 2011) at the time of full operation.

GRAS offers L1 C/A and semi-code-less L1/L2

P(Y) tracking of up to 12 GPS satellites. The receiver is

equipped with one zenith-looking antenna (GZA) as well

as two high-gain beam-forming antennas pointing in

velocity (GVA) and anti-velocity direction (GAVA) as

shown in Fig. 3. A total of 8 dual-frequency channels are

allocated to the zenith antenna and provides GPS pseudo-

range and carrier phase measurements for Metop POD at

a 1 Hz sampling rate. The remaining channels (two each)

are assigned to the forward and backward looking antennas

to collect radio occultation measurements of rising and

setting GPS satellites. The GRAS instrument supports both

closed-loop tracking of occulting satellites at a 50 Hz

measurement rate as well as open-loop tracking. In the
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Fig. 2 Flow chart for the assessment of GRAS/Metop near-real-time orbit determination performance. See text for further explanation
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latter case, the tracking channels are steered with Doppler

shift values predicted from an onboard Doppler model and

raw correlator outputs are collected at a 1 kHz sampling

rate (Bonnedal et al. 2010). The open-loop technique

enables tracking of very weak signals and provides radio

occultation measurements down to very low tangent point

altitudes (Fig. 1). It has, furthermore, enabled the detection

of grazing sea-surface reflections of GPS signals in the

field of view of the radio occultation antennas.

In the initial stage of the GRAS data processing, the

atmospheric bending angles are derived for each radio

occultation. The bending angles relate to the refractivity in

the vicinity of the tangent point and can be directly

assimilated in numerical weather prediction models or

further used to derive refractivity, temperature, pressure,

and humidity profiles. Computation of the bending angles

is based on the excess Doppler shift, that is, the difference

between the observed Doppler shift of a GPS signal during

the occultation and the expected Doppler shift for a straight

signal path in the absence of atmospheric refraction (Kur-

sinski et al. 1997; Ao 2009). An accurate knowledge of the

relative velocity of the observed GPS satellite and the LEO

satellite is, therefore, required for the analysis of radio

occultation data. Within the GRAS project, bending prod-

ucts must be disseminated within 2.25 h after the respec-

tive occultation to satisfy the timeliness requirements for

radio occultation data users. Accordingly, the Metop POD

must be performed in near-real-time.

Following considerations of Kursinski et al. (1997), a

target velocity accuracy of 0.05 mm/s has been formulated

for the Metop near-real-time POD performance (GRAS-

SAG 1998). This value is itself based on GPS/MET dual-

frequency orbit determination results of Bertiger and Wu

(1996) and reflects the self-consistency of the along-track

velocity component in the overlap region of daily reduced-

dynamic orbit solutions covering a 27-h data interval.

While the GPS/MET POD analysis lacks an external ref-

erence (such as satellite laser ranging measurements) and

may in fact underestimate the actual orbit errors, it has

been shown by Kursinski et al. (1997) that a 0.05 mm/s

along-track velocity uncertainty introduces a negligible

error of at most 0.2 % at 50–60 km altitude into the

derived atmospheric parameters. The value is therefore

widely considered as a guideline for the required POD

accuracy of GPS radio occultation missions (Roselló Gu-

lasch et al. 2009) and a 2r threshold of 0.1 mm/s has

ultimately been adopted for Metop (Pisacane 2002).

Contributions of the GRAS instrument to the bending

angle products are required to exhibit an error of less than

0.4 % rms at altitudes below 15 km. Above this height, rms

errors of up to 0.4 % or 1 lrad (whichever is larger) are

tolerated (Luntama et al. 2008; von Engeln et al. 2009). The

actual performance of the GRAS radio occultation mea-

surements and products has been verified against ECMWF

data and colocated COSMIC observations. Compared with

COSMIC, a substantial improvement is evident from the

bending angle noise relative to ECMWF predictions

(1.2 lrad vs 1.9 lrad at 60 km altitude), which illustrates the

benefit of the ultrastable oscillator (enabling an undiffer-

enced radio occultation processing) and of the high-gain

antennas (von Engeln et al. 2009). The instrumental noise

alone has been assessed by Bonnedal et al. (2010) based on

the results of Marquardt (2009) and amounts to less than

0.5 lrad in the derived bending angles.

Data sets and pre-processing

The present POD and radio occultation performance study

makes use of GRAS data covering a 1-month period

(November 15 to December 15) in 2011. The binary GRAS

telemetry packets comprise raw measurements and corre-

lator readings, which are time tagged by the Instrument

Measurement Time (IMT) counter. Within the pre-pro-

cessing, pseudorange and carrier phase measurements at

common epochs are generated from the (asynchronous)

observations of the zenith antenna and provided in the

Receiver INdependent EXchange format (RINEX) for use

in the POD process. As part of the measurement genera-

tion, a receiver timescale is established, which is closely

synchronized with GPS time but retains a quadratic relation

with the IMT over the selected processing arc (Monten-

bruck 2007). For the radio occultation processing, complex

phase measurements as a function of receiver time are

generated from the raw correlator data for the occultation

antennas. Only closed-loop tracking radio occultation data

Fig. 3 GRAS antenna accommodation and reference frame of the

Metop spacecraft (adapted from Loiselet et al. 2000)
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are considered in the present analysis, since open-loop raw

sampling data are only collected at very low tangent point

heights and are thus least sensitive to orbit determination

uncertainties.

Favoring an undifferenced processing of GPS mea-

surements in the POD, both orbit and clock offsets of the

tracked GPS satellites must be known with adequate

accuracy. Overall, four different orbit and clock products

are considered for the performance assessment (Table 1).

Among these, the ‘‘COR’’ products from the Center for

Orbit Determination in Europe (CODE, Dach et al. 2009),

provide the most accurate GPS orbit and clock information.

The products are generated with a half day latency based

on a global monitoring station network of the International

GNSS Service (IGS, Dow et al. 2009) and are used here to

establish reference solutions for the POD and radio

occultation processing performance assessment. The

‘‘GSN’’ orbit and clock solutions, which are operationally

generated for EUMETSAT by the European Space Agency

(ESA) based on observations from the GRAS Support

Network (Zandbergen et al. 2006) as well as the ‘‘RTC’’

products created by DLR’s RETICLE system (Hauschild

and Montenbruck 2008) from data of the IGS and DLR

real-time network serve to illustrate the presently achiev-

able near-real-time processing performance. While the

RETICLE products are generated in real-time and achieve

a slightly better accuracy, the GSN products offer an

increased stability and guarantee-of-service. Finally,

broadcast ephemeris parameters (‘‘BCE’’) provided to each

GPS user as part of the navigation data stream modulated

on the GPS signal are used to assess the POD and radio

occultation product quality that might ultimately be

achieved in a real-time onboard processing. For the data

arc considered here, the respective information has been

extracted from the raw navigation data frames provided in

the GRAS telemetry for all tracked GPS satellites.

Orbit determination

Two different software tools have been employed for the

generation of Metop satellite orbits based on the above

input data products. ESA’s Navigation Package for Earth

Observation Satellites (NAPEOS) is a generic software

package for GNSS data processing as well as orbit deter-

mination and control. The BAHN orbit determination

module implements state-of-the-art dynamic and mea-

surement models (Springer 2009) for a wide range of

radiometric and optical tracking data and is routinely used

for mission operations at the European Space Operations

Centre (ESOC). The GPS High-precision Orbit determi-

nation Software Tools (GHOST, Wermuth et al. 2010) of

DLR constitute a generic package for multi-GNSS data

analysis and GPS-based orbit determination of satellites in

LEO. The Reduced-Dynamic Orbit Determination (RDOD)

module used in the present analysis is based on a least-

squares estimation scheme similar to BAHN but uses a

reduced-dynamic approach with piece-wise constant

empirical accelerations to augment the a priori force model

(Montenbruck et al. 2005). Other differences in the

employed processing standards are summarized in Table 2.

Both BAHN and RDOD are used along with CODE

rapid GPS products to generate ‘‘best’’ orbit solutions with

a timeliness of up to 1 day. Furthermore, near-real-time

solutions are obtained in sliding batches of 6-h duration

once every 1.5 h from the GSN and RTC GPS products

(Table 3). While only the last quarter of each near-real-

time product represents new orbit information based on the

most recent observations, the adopted arc length offers an

increased stability for the carrier phase bias estimation and

ultimately an improved overall orbit determination orbit

accuracy. For completeness, it is noted that the near-real-

time processing based on sliding batch estimation adopted

here differs substantially from the sequential square root

Table 1 GPS orbit and clock products for GRAS/Metop orbit determination study

COR GSN RTC BCE

Description CODE rapid products GSN orbit and clock products RETICLE Broadcast ephemerides

Category Post-processed Near-real-time Real-time Real-time

Originator CODE ESA/ESOC DLR/GSOC GPS

Network IGS GSN IGS R/T & DLR GPS

Arc length 24 h Orbit: 24 h ? 19 h(pred)

Clock: 30 m

– 2 h

Update interval 24 h Orbit: 3 h

Clock: 15 m

– 2 h

Latency 12 h Orbit: 60–90 m

Clock:\45 m

\10 s –

Step-size Orbit: 15 m

Clock: 30 s

Orbit: 15 m

Clock: 30 s

10 s –
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information filter that is employed in the operational pro-

cessing chain for GRAS data products at EUMETSAT

(Martinez Fadrique et al. 2007). The present choice is

motivated by a better overall performance and has become

feasible due to notable advancements in computer power

since the time of the initial GRAS ground segment design.

Near-real-time batch processing with GSN products is

therefore considered as an alternative to the square root

information filter in a modernized EPS ground segment

(Andres et al. 2010).

Complementary to the above methods, a real-time nav-

igation filter suitable for onboard implementation has been

studied. It is based on algorithms described previously in

Montenbruck and Ramos-Bosch (2008), which are well

compatible with the processing power of present onboard

processors and are presently undergoing flight testing on

the PROBA-2 spacecraft (Montenbruck et al. 2011). Since

it is not possible to execute the real-time navigation filter

onboard the Metop spacecraft itself, an offline version

(RTNAV) has been used to process actual GRAS flight

Table 2 Processing standards for Metop precise orbit determination

Item BAHN RDOD RTNAV

GPS

measurement

model

Ionosphere-free L1/L2 carrier phase combination

Antenna offsets and phase center variations of GPS satellites Antenna offsets of GPS satellites

GRAS antenna offsets and

phase center variations

(ground calibration)

GRAS antenna offsets and phase center

variations (ground and inflight calibration)

GRAS antenna offsets

Gravitational

forces

EIGEN-GL04C model

(120 9 120)

UT/CSR GGM01 model (70 9 70) UT/CSR GGM01 model (40 9 40)

Luni-solar third body

acceleration; DE405

ephemeris

Luni-solar third body acceleration; precise

analytical ephemerides

Luni-solar third body acceleration; low-

grade analytical ephemerides

Solid-earth tides (IERS2003),

pole tide, and ocean tides

(FES2004); relativity

Solid-earth tides (IERS2003), pole tide, and

ocean tides (UT/CSR TOPEX_3.0);

relativity

Non-

gravitational

forces

MSIS-90 atmospheric density

model

Jacchia-Gill atmospheric density model with

daily F10.7 and 3-hourly Kp values

Harris-Priester atmospheric density model

for medium solar flux

Cannon ball solar radiation pressure model

Conical Earth shadow model (umbra, penumbra) Cylindrical Earth shadow model

Earth albedo

Constant and 1/rev

accelerations in RTN

direction

Empirical accelerations in RTN direction at

10 min intervals

Empirical accelerations in RTN direction

with exponential time correlation

Numerical

integration

8th order Adams–Bashforth–

Moulton multistep method

Variable-order variable step-size Adams–

Bashforth–Moulton multistep method

4th-order Runge–Kutta with Richardson

extrapolation

Reference

frames

Inertial (ICRF) Inertial (EME2000) Earth-fixed (WGS84)

IERS2003 (CEO-based

transformation using

IAU2000A precession and

nutation)

IAU 1976 precession (Lieske model); IAU

1980 nutation (Wahr model); IERS

igs96p02 Earth orientation parameters

IAU 1976 precession (Lieske model); IAU

1980 nutation (Wahr model); weekly Earth

orientation parameter updates

Nominal spacecraft attitude aligned with nadir and ground-track direction

Estimation Batch least-squares Batch least-squares Extended Kalman filter

Table 3 GRAS/Metop orbit solutions

Solution Scheme GPS orbit & clock data Software Arc length (h)

OFF_COR_N Offline COR NAPEOS/BAHN 24

OFF_COR_G Offline COR GHOST/RDOD 24

NRT_RTC_N Near-real-time RTC NAPEOS/BAHN 6

NRT_RTC_G Near-real-time RTC GHOST/RDOD 6

NRT_GSN Near-real-time GSN NAPEOS/BAHN 6

RT_BCE Simulated real-time BCE GHOST/RTNAV –
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data on ground. Compared with the batch POD programs,

the filter employs simplified dynamical and measurement

models (Table 2) but is primarily limited by the use of

broadcast ephemeris parameters for GPS orbit and clock

information. For compatibility with the batch POD pro-

cessing, the RTNAV filter was executed on one-day data

arcs, which implies a daily restart and a slightly degraded

navigation performance in the first 0.5 h after midnight.

Along with the estimated orbit, the offset between the

receiver timescale and the GPS time system is estimated in

all programs. The respective information is employed in

the subsequent bending angle computation and enables an

undifferenced processing of the radio occultation data with

no need for tracking of a reference GPS satellite.

Bending angle processing

Based on the GRAS radio occultation antenna observations

as well as the GPS and GRAS/Metop orbit and clock prod-

ucts, bending angles have been computed using the YAROS

(Yet Another Radio Occultation Software) processor. YA-

ROS is part of the EUMETSAT calibration and validation

tool chain and is fully independent of the present operational

GRAS Product Processing Facility. It comprises three dis-

tinct core modules for the generation of ‘‘reconstructed’’

observations from the raw GRAS instrument data

(GRAS_L02L0R), the application of measurement correc-

tions (GRAS_L0R2L1A) and, finally, the computation of the

bending angle product (GRAS_L1A2L1B; see Fig. 2).

YAROS implements both a geometrical optics approxima-

tion (valid above 8 km altitude) and a wave optics (WO)

approach (Jensen et al. 2003) that also copes with multiple

propagation paths in the lower atmosphere. The YAROS

software itself has been extensively validated against the

GRAS Product Processing Facility and external references

such as ECMWF and COSMIC radio occultation data (see,

e.g., von Engeln et al. 2011) and is considered as a prototype

for future system upgrades.

For the assessment of the radio occultation data quality,

the observed bending angles (‘‘O’’) are compared against

bending angles obtained through a forward modeling of

ECMWF meteorological data (background values, ‘‘B’’)

using the Radio Occultation Processing Package of the

Satellite Application Facility on GRAS Meteorology

(Culverwell 2011). The fractional difference (O–B)/B

serves as a measure of the bending angle quality and is

evaluated over the full range of geodetic altitudes covered

by the occultation. By averaging over all occultations in the

analysis period, both systematic biases and standard devi-

ations are obtained that indicate the overall uncertainty of

the retrieved bending angles. To mitigate the impact of

outliers, a robust estimation based on Tukey’s biweight

function (Hoaglin et al. 1983) is employed for the com-

putation of the bending angle statistics. It is considered to

yield a lower fraction of false errors and to retain a higher

number of good observations than the statistical screening

criteria presently employed in actual numerical weather

predictions (Poli et al. 2010, Anlauf et al. 2011).

Results and discussion

Over the test period, the offline solutions for the GRAS/

Metop orbit obtained with the NAPEOS and GHOST

software exhibit a consistency of 5 cm (3D rms position)

and 0.05 mm/s (3D rms velocity). This is in good accord

with previous inter-agency comparisons (Montenbruck

et al. 2008; Andres et al. 2010) and justifies their use as a

reference for the near-real-time and real-time orbit product

assessment. The respective results are collated in Table 3,

where the individual products are compared against the

OFF_COR_G solution. In case of the sliding batch near-

real-time solutions, only the latest part that is contributed

by new observation has been employed in the orbit com-

parison as well as the subsequent radio occultation pro-

cessing analysis.

It may be recognized that the near-real-time products

exhibit virtually the same accuracies as the offline products

and are certainly well compatible with a \0.1 mm/s

requirement for the along-track velocity error. Comparing

NAPEOS and GHOST solutions, systematic offsets of

about 6 mm in radial direction and 23 mm in cross-track

direction can be identified in both the near-real-time and

offline products, which matches results in Montenbruck

et al. (2008). These biases are attributed to minor differ-

ences in the employed models and processing strategies

(e.g., application of phase center variations from the

inflight calibration) but are well within the overall error

budget. Furthermore, the velocity solution does not exhibit

relevant biases, which is of prime relevance for the radio

occultation processing. As regards the (simulated) real-

time navigation solution, a degradation by up to a factor of

10 may be observed for both the position and velocity in

comparison with the offline and near-real-time processing.

Interestingly, however, the along-track velocity error is

only a factor of two worse than the formal performance

requirement for radio occultation data analysis (Table 4;

Fig. 4).

A comparison of the bending angle performance

achieved with the different orbit products is given in Fig. 5

based on roughly 15100 rising and setting occultations.

Due to the availability of clock information for various

unhealthy GPS satellites in the CODE ephemerides, an up

to 10 % increased number of occultations is available in

the offline processing as compared to the near-real-time or
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simulated real-time chain. However, only the common

events have been incorporated into the performance

assessment.

Biases with respect to ECMWF amount to roughly

0.2 % from 10 to 35 km and the robust standard deviation

in this region is confined to less than 2 %. This is in good

accord with previous analyses of the GRAS instrument

performance (von Engeln et al. 2009, 2011). Below 10 km

altitude, increased biases and standard deviations are

encountered, since the employed geometrical optics pro-

cessing is unsuited for multi-path affected occultations. In

addition, the degrading number of occultations penetrating

into the lower troposphere with closed-loop tracking can be

recognized in this region. Between 35 and 45 km, a

systematic bias of up to 1 % with respect to ECMWF

predictions can be observed for all bending angle products.

A similar bias is observed against all RO instruments that

measure at these altitudes. It is therefore thought to be a

bias in the ECMWF model, which results from the

assimilation of biased radiance instruments (von Engeln

et al. 2009).

As expected from the orbit comparison, all offline and

near-real-time products provide an almost identical bend-

ing angle performance. Standard deviation and bias dif-

ferences of bending angles obtained with the various

products amount to less than 0.3 % up to altitudes of at

least 40 km. Differences of the observed bending with

respect to ECMWF predictions exhibit a standard deviation

Table 4 Position and velocity accuracy (mean value ± standard deviation) of GRAS/Metop precise orbit determination results relative to

GHOST offline solution with CODE products (OFF_COR_G)

Solution Radial (mm) Along-track (mm) Cross-track (mm) Position (3D rms, mm)

OFF_COR_N -6 ± 16 -2 ± 40 ?23 ± 13 51

NRT_RTC_N -7 ± 19 ?1 ± 39 ?23 ± 16 52

NRT_RTC_G ?1 ± 18 -3 ± 36 -1 ± 14 43

NRT_GSN -6 ± 18 -2 ± 39 ?23 ± 15 51

RT_BCE ?7 ± 195 ?157 ± 329 ?25 ± 228 473

Solution Radial (mm/s) Along-track (mm/s) Cross-track (mm/s) Velocity (3D rms, mm/s)

OFF_COR_N 0.00 ± 0.03 -0.01 ± 0.03 0.00 ± 0.02 0.05

NRT_RTC_N 0.00 ± 0.03 -0.01 ± 0.03 0.00 ± 0.02 0.05

NRT_RTC_G 0.00 ± 0.03 0.00 ± 0.02 0.00 ± 0.01 0.04

NRT_GSN 0.00 ± 0.03 -0.01 ± 0.03 0.00 ± 0.02 0.05

RT_BCE -0.15 ± 0.34 ?0.06 ± 0.16 0.01 ± 0.24 0.48
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Fig. 4 Along-track velocity error of GSN-based near-real-time orbit

solution (NRT_GSN; top) and simulated real-time processing

(RT_BCE; bottom). The processing gap on December 2 results from

a system-wide software upgrade, while temporarily increased errors

on December 15 are related to an in-plane orbit correction maneuver
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of about 2 % between 10 and 35 km. This is roughly twice

as large as the 1 % error assumed for data weighting in the

assimilation of radio occultation data in this height regime

(Poli et al. 2010; Anlauf et al. 2011) but includes the errors

of the ECMWF model used as reference. Outside this

altitude range (i.e., below 10 km and above 35 km) the

actual uncertainty of the observed bending angles is gen-

erally much lower than assumed in the assimilation process

and a notably less conservative weighting could be applied

particularly at high altitudes (Fig. 5).

Evidently, the standard deviation of the relative bending

angle error with respect to ECMWF data is dominated by

other factors than the GRAS/Metop along-track velocity

uncertainty for both the offline and near-real-time orbit

products (see Kursinski et al. (1997) for a discussion of such

error sources). While orbit accuracy requirements for radio

occultation processing have originally been formulated

based on the (presumably optimistic) assessments of

achievable offline orbit determination accuracies more than

a decade ago (Kursinski et al. 1997, Bertiger and Wu 1996),

the (near-)real-time provision of highly accurate GPS orbit

and clock products nowadays enables the generation of

precise LEO orbit products with a more than adequate

quality for radio occultation processing in near-real-time.

Concerning a further reduction in the processing

latency, the performance of bending angles based on sim-

ulated real-time orbit products (RT_BCE) has been asses-

sed. Up to an altitude of 35 km, the standard deviation of

these bending angles relative to the ECMWF reference

differs by less than 0.5 % from the near-real-time and

offline results, but increasing differences become obvious

at higher altitudes (Fig. 5). At 50 km altitude, which

reflects the current limit for radio occultation data

assimilation, the standard deviation of the computed

bending angles with respect to ECMWF results amounts to

8 %, whereas a 6 % standard deviation is achieved for

offline and near-real-time solutions. On the other hand, the

‘‘real-time’’ bending angle performance is still substan-

tially smaller than the 20 % fractional observation error

presently assumed at this altitude for data weighting pur-

poses in the assimilation of radio occultation data by the

ECMWF (Healy et al. 2012). Evidently, an increased

weighting of high-altitude bending angle observations would

even be permissible for real-time generated LEO orbit infor-

mation. This could ultimately help to better exploit the

information content of radio occultation measurements while

simultaneously reducing the processing latency.

Summary and conclusions

The performance of different POD concepts for GNSS

radio occultation missions has been assessed both in terms

of orbit accuracy and derived bending angle statistics. A

consistency of the obtained along-track velocity of better

than 0.05 mm/s is demonstrated for both the near-real-time

and offline orbit determination of GRAS/Metop, which

underlines the high quality of presently available near-real-

time GPS orbit and clock products and enables a proper

exploitation of the GRAS instrument performance. Like-

wise, an identical bending angle performance relative to

ECMWF predictions is obtained for the near-real-time and

offline processing, even though a somewhat larger number

of occultations can usually be considered in the offline

chain due the increased coverage of GPS orbit and clock

data.
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Fig. 5 Robust bias (left) and standard deviation (center) of bending

angle products based on different GRAS/Metop orbit products for a

total of 15,100 occultations. Both values refer to the fractional

difference (O–B)/B of the observed (O) bending angle compared to a

reference value based on forward modeling of ECMWF meteorolog-

ical data (background values, B). The bold gray line provides the

assumed standard deviation for data weighting of bending angles in

the assimilation of radio occultation data at ECMWF (Poli et al. 2010;

Healy et al. 2012). The fractional number of occultations (right)
provides the percentage of occultations contributing information at a

given altitude within a 2r interval of the robust statistics
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Complementary to the ground-based POD, the feasibil-

ity of real-time orbit determination has, furthermore, been

assessed. Using a reference implementation of an onboard

navigation filter along with actual GRAS GPS measure-

ments and the associated broadcast ephemerides, an along-

track velocity accuracy of 0.2 mm/s is achieved. This is

slightly outside the formal 0.1 mm/s requirement for the

Metop mission, but already yields competitive bending

angle results in the altitude range of up to 40 km that is of

primary relevance for current short term weather modeling.

Further improvements can be expected from the continuous

improvement of broadcast orbit and clock information

resulting from GPS control segment upgrades and an

increasing number of GPS satellites equipped with highly

stable atomic frequency standards.

The above results strongly encourage the consideration

of a full onboard processing of radio occultation data in

future satellite missions. While not specifically examined

within this study, the computation of bending angles based

on geometric optics is considered to be well compatible

with existing onboard processors and even a wave optics

approach appears feasible on dedicated hardware. In

combination with a GPS-based real-time navigation system

providing continuous position and velocity information of

adequate accuracy, bending angles can thus be computed

onboard a remote sensing satellite and communicated to users

on ground with minimum latencies and bandwidth require-

ments. While this does not render the conventional ground

processing obsolete, it offers complementary radio occulta-

tion products with notably improved timeliness at the possible

expense of a moderately reduced quality and coverage.
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